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After releasing neurotransmitter, synaptic vesicles
are retrieved by endocytosis and recycled via fast
and slow pathways to be reused for synaptic trans-
mission. To maintain the synaptic efficacy, vesicles
must be refilled with neurotransmitter during re-
cycling. However, the refilling speed estimated in
isolated or reconstructed vesicles is, thus far, too
slow to fill up vesicles within the period of recycling.
Here, we re-examined the vesicle refilling rate
directly at central glutamatergic synapses in slices,
using simultaneous presynaptic and postsynaptic
whole-cell recording combined with caged gluta-
mate photolysis. After washing out vesicular gluta-
mate, refilling of vesicles with uncaged glutamate
caused a recovery of EPSCs with a time constant of
15 s that varied depending upon temperature, age,
and cytosolic Cl concentrations. This time constant
is faster than that of the slow recycling pathway
(30 s) after clathrin-mediated endocytosis but is
much too slow to fill up vesicles replenished through
fast recycling pathways (<1 s).
INTRODUCTION
At chemical synapses, neurotransmitters are released from
synaptic vesicles by exocytosis. Vesicles are then retrieved by
endocytosis, refilled with neurotransmitter, and recycled for
reuse in synaptic transmission. Vesicle endocytosis is thought
to be a rate-limiting step for the maintenance of synaptic trans-
mission (Gandhi and Stevens, 2003). Vesicle endocytosis of
different modes and kinetics have been proposed to operate in
parallel in the nerve terminal (Gandhi and Stevens, 2003; Royle
and Lagnado, 2003; Su¨dhof, 2004; Rizzoli and Jahn, 2007).
Among them, clathrin-mediated endocytosis has a time constant
of tens of seconds and is thought to be a major recycling
pathway (Granseth et al., 2006). As a fast pathway, kiss-and-
run fusion pore flicker having a subsecond endocytic time
constant (Pyle et al., 2000; Aravanis et al., 2003; Gandhi and
Stevens, 2003; Zhang et al., 2009) is thought to play an essential
role in rapid vesicle replenishment at nerve terminals having
a relatively small number of vesicles in the reserve pool (Harataet al., 2001). For recycled vesicles to contribute to synaptic
efficacy, it is essential that vesicles are fully refilled with neuro-
transmitter before being reused. At hippocampal glutamatergic
synapses, mean amplitude of miniature excitatory postsynaptic
currents (mEPSCs) remains unchanged after prolonged high-
frequency stimulation, suggesting that vesicle refilling is com-
pleted during vesicle recycling (Zhou et al., 2000). It has been
suggested that vesicle refilling could occur in milliseconds
(Su¨dhof, 2004).
Glutamate is taken up into vesicles via vesicle glutamate
transporters (VGLUTs) using H+ gradient and membrane poten-
tial. The time constant for vesicle acidification estimated in
hippocampal cell culture is 0.4 s (Gandhi and Stevens, 2003) or
4–5 s (Atluri and Ryan, 2006). However, glutamate uptake into
isolated or reconstructed vesicles takes several to 10 min
(Maycox et al., 1988; Carlson et al., 1989; Wolosker et al.,
1996; Gras et al., 2002; Wilson et al., 2005). This uptake speed
is much too slow to fill up vesicles during recycling in any type
of pathway. During isolation or reconstitution, vesicles may
lose their original transport efficiency. It is, therefore, desirable
to measure vesicle refilling kinetics at living synapses. This is
technically feasible at the calyx of Held as intravesicular gluta-
mate can be depleted by washing out cytosolic glutamate in
this nerve terminal (Ishikawa et al., 2002). Refilling of vesicles
after endocytosis can then be reproduced in this model system
by rapidly raising cytosolic glutamate concentration using a
caged glutamate compound.
RESULTS
Refilling of Synaptic Vesicles with Glutamate
Photoreleased from Caged Compound
Simultaneous presynaptic and postsynaptic whole-cell record-
ings were made at the calyx of Held synapse of mice (postnatal
days 13–15 [P13–P15]). When the presynaptic pipette did not
contain glutamate, EPSCs evoked at 1 Hz gradually declined in
amplitude (Figure 1A and see Figure S1A available online)
concomitantly with the amplitude and frequency of spontaneous
mEPSCs (data not shown), suggesting that glutamate in vesicles
was depleted as previously reported (Ishikawa et al., 2002).
When the EPSC amplitude reached a low level (19%–27%),
we applied a UV flash (1 s) and photoreleased glutamate from
4-methoxy-7-nitroindolinyl (MNI)-glutamate (10 mM) that had
been included in a presynaptic patch pipette (Figure 1A). Gluta-
mate uncaging produced a nearly full (94%) recovery of EPSCNeuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc. 511
Figure 1. Measurements of Vesicle Refilling
Time in Slice
(A) Simultaneous presynaptic and postsynaptic
whole-cell recording from the calyx of Held syn-
apse of P13–P15 mice. Glutamate-free solution in
the presynaptic pipette diminished the amplitude
of EPSCs evoked by afferent fiber stimulation.
Subsequent photolysis of MNI-caged-glutamate
by 1 s UV flash (arrow) caused a recovery of the
EPSC amplitude (2 versus 1). Representative
traces on the right show EPSCs, just before (1) and
after (2) MNI-glutamate uncaging. Presynaptic
patch pipette was detached from the terminal just
before uncaging to minimize dilution of released
glutamate by glutamate-free MNI-glutamate
solution in the presynaptic pipette (Figure S1E).
(B) Top: after bath application of bafilomycin A1
(Baf A1, 5 mM), EPSCs did not recover, whereas
without bafilomycin A1, EPSCs recovered to the
initial size before glutamate washout. Bottom: the
time scales are expanded to compare the EPSC
amplitude before glutamate washout and after
glutamate uncaging. (C) Bar graphs indicate
percentage recovery of the EPSC amplitude after
MNI-glutamate uncaging (relative to the EPSC
amplitude before glutamate washout, mean ±
SEM), in the absence (control, 94%, n = 7) or
presence (Baf A1, 10%, n = 4) of bafilomycin A1.
(D) Simultaneous recording of presynaptic mem-
brane capacitance change (DCm) and EPSCs,
evoked by presynaptic Ca2+ currents (induced by
10 ms depolarizing pulses from –80mV to 0mV,
data not shown), before and after UV uncaging of
MNI-glutamate. Right: comparison of DCm and
half-decay time of membrane capacitance before
and after glutamate uncaging. No significant
difference in paired t test. (E) The mean frequency
(top right) and charge (bottom right, sampled
from 1 s windows) of mEPSCs before glutamate
washout (control) and before and after UV un-
caging of MNI-glutamate. Mean EPSC charges
(±SEM) were 447 ± 196 fC in control, 24.2 ± 5.9 fC
before uncaging, and 522 ± 123 fC after uncaging
(n = 6). Recovery was complete with no significant
difference between the values in control and after
uncaging. Time plot in the left panel shows the
recovery time course of mEPSC charges. The data
points and error bars represent mean ± SEM of the
mEPSC charge from six cells (normalized to the
control before glutamate washout). Time constant
of the exponential curve fit (line) is 18.3 s.
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17.2 ± 1.0 s (n = 7). This recovery time constant was similar when
the stimulus frequency was 10 Hz (17.2 ± 2.8 s, n = 3, data not
shown) instead of 1 Hz. To realize sufficient recovery of EPSC512 Neuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc.amplitude after glutamate uncaging, we
found it necessary to include glutathione
(20 mM) in the presynaptic pipette solu-
tion, to minimize toxicity of MNI (Fig-
ure S1C). It was also necessary to retract
the presynaptic pipette, just before gluta-mate uncaging, to prevent dilution of photoreleased glutamate
by MNI-glutamate remaining in the pipette (Figure S1E).
The recovery of EPSCs after glutamate uncaging is probably
caused by glutamate uptake into vesicles via VGLUTs after
Neuron
Refilling Kinetics of Synaptic Vesiclesvesicle reacidification by vacuolar-type H+-ATPase. As there is
no specific blocker for VGLUTs, we tested the effect of
H+-ATPase inhibitor bafilomycin A1 (5 mM, 100 s) (Moriyama
and Futai, 1990) on the recovery of EPSCs. Bath-applied bafilo-
mycin A1 blocked the recovery of EPSCs after glutamate uncag-
ing (Figures 1B and 1C), suggesting that the EPSC recovery
was produced by the refilling of vesicles with glutamate via
H+-ATPase and VGLUT. To exclude factors other than vesicle
refilling, which can contribute to the EPSC recovery after gluta-
mate uncaging, we monitored presynaptic membrane capaci-
tance that changes when vesicular membranes are fused into,
or retrieved from, plasma membrane. This method, established
in secretory cells (Neher and Marty, 1982), has recently been
applied to the calyx of Held for assessing the number of synaptic
vesicles undergoing exocytosis and endocytosis (Sun et al.,
2002; Yamashita et al., 2005; Eguchi et al., 2012). While the
amplitude of EPSCs, evoked by presynaptic Ca2+ currents, re-
covered after glutamate uncaging, both the magnitude of exo-
cytic capacitance change (DCm, 162 ± 22 fF before and 154 ±
17 fF after glutamate uncaging, n = 6) and the kinetics of the
endocytic capacitance change (half-decay time, 8.1 ± 0.4 s
before and 8.2 ± 0.2 s after uncaging, n = 6) remained essentially
the same (Figure 1D). Thus, the UV glutamate uncaging had no
effect on the number of vesicles fused into the plasma mem-
brane by a given stimulation or on the endocytic rate of synaptic
vesicles. Photolysis of MNI-glutamate had no effect on presyn-
aptic Ca2+ currents either (data not shown). Thus, the EPSC
recovery after glutamate uncaging must be caused by vesicle
refilling with glutamate. In order to confirm this view, we exam-
ined the effect of glutamate uncaging on spontaneous mEPSCs
(Figure 1E). Cytosolic glutamate washout decreases the number
of detectable mEPSCs (Ishikawa et al., 2002). This is probably
caused by a passive leakage of vesicular glutamate, in com-
bination with the recycling of empty vesicles (Parsons et al.,
1999; Bartoletti and Thoreson, 2011), because, after glutamate
washout, the EPSC amplitude declines even without stimulation,
but the declining rate becomes faster when stimulated at high
frequencies (T.H. and T.T., unpublished data). After glutamate
washout, the mEPSC frequency decreased by 20-fold (from
11.4 ± 3.6 Hz to 0.54 ± 0.16 Hz, n = 6) and recovered fully after
glutamate uncaging (13.7 ± 3.2 Hz) (Figure 1E). The mEPSC
amplitude after glutamate uncaging (33.9 ± 2.0 pA, n = 6)
remained similar to the control before glutamate washout
(34.6 ± 1.9 pA, n = 6). When the mEPSC frequency significantly
decreases owing to the vesicular glutamate depletion, many
mEPSC events will become undetectable, with their am-
plitudes being merged into a noise level (5 pA). In such a condi-
tion, the mean amplitude of detectable mEPSCs no longer
provides a reliable measure for the quantal size. Therefore, to
assess the time course of vesicle refilling, we adopted quantal
charge (time integral of mEPSCs in 1 s windows), which
reflects both the amplitude and frequency of mEPSCs. Upon
glutamate uncaging, quantal charge increased with a time
constant of 18.3 s (±2.1 s, n = 6) that was similar to the re-
covery time constant of evoked EPSCs (17.2 s, Figure 1A).
Altogether, these results indicate that the recovery of the evoked
EPSC amplitude is caused primarily by vesicle refilling with
glutamate.Determination of the Affinity and Kinetics of Vesicle
Refilling with Glutamate
Glutamate-binding affinity (Km) and kinetics of VGLUT have been
determined in isolated or reconstructed vesicles (Naito and
Ueda, 1985; Carlson et al., 1989; Bellocchio et al., 2000; Gras
et al., 2002). The speed of glutamate uptake depends upon the
copy number of VGLUT on vesicles and extravesicular glutamate
concentrations, whereas the affinity is an intrinsic property of
the glutamate transporter. To determine these parameters for
vesicles in the calyx of Held terminal, we first examined the rela-
tionship between presynaptic cytosolic glutamate concentration
([glu]i) and the magnitude of EPSCs (Figure 2A) by switching
presynaptic whole-cell pipettes containing different concen-
trations (0.1–10 mM) of glutamate. Next, we varied [glu]i by
photolysis of the MNI-glutamate of different concentrations
(2–10 mM) after depleting vesicular glutamate (Figure 2B).
Photolysis of higher concentrations of MNI-glutamate produced
faster and larger recoveries of EPSCs, with the recovery time
constant (t) being inversely related to the magnitude of recovery
after glutamate uncaging (Figure 2B). By combining these
relationships (Figures 2A and 2B), we plotted t against [glu]i (Fig-
ure 2C). In the Lineweaver-Burk plot, Km was estimated as
0.91 mM, which is similar to those estimated for VGLUT1 and
VGLUT2 reconstituted in the heterologous expression system
(1–2mM) (Bellocchio et al., 2000; Gras et al., 2002). These results
confirm that the EPSC recovery was caused by vesicle refilling
with glutamate via VGLUTs. The maximal refilling time constant
1/Vmax was estimated to be 15.1 s, which is 10–100 times faster
than those estimated in isolated vesicles (Naito and Ueda, 1985;
Maycox et al., 1988; Carlson et al., 1989). This difference
between isolated vesicles and intact vesicles in the nerve
terminal may arise from a loss of original luminal ionic composi-
tions or damage of VGLUT transport system during fractionation
in isolated vesicles.
Factors that Affect Vesicle Refilling Speed
and Magnitude
What factors can change vesicle refilling kinetics? As the
temperature was raised, vesicle refilling became faster. At the
physiological temperature (36C), t was 7 s on average (n = 4)
(Figure 3A), indicating that the Q10 of vesicle refilling was 2.4.
This temperature dependence is similar to that estimated for
glutamate uptake by astrocytes in hippocampal slices (Bergles
and Jahr, 1998), suggesting that vesicular and astrocytic trans-
porters have a similar temperature dependence for glutamate
uptake. Faster vesicle refilling at the physiological temperature
will be favorable for the maintenance of high-frequency synaptic
transmission in vivo.
The calyx of Held expresses both VGLUT1 and VGLUT2. As
animals mature, expression of VGLUT1 increases, whereas
VGLUT2 expression remains similar (Billups, 2005; Blaesse
et al., 2005). We examined whether the vesicle refilling time
becomes faster at more mature calyces. Compared with the
calyx synapse after hearing onset, prehearing synapses at P7–
P9 show a marked rundown in the EPSC amplitude during
1 Hz stimulation. When evoked at 1 Hz, the EPSC recovery after
glutamate uncaging was incomplete (67%, data not shown),
whereas EPSCs evoked at 0.05 Hz showed a full recoveryNeuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc. 513
Figure 2. Vesicle Refilling Rate Depends
upon Presynaptic Cytosolic Glutamate
Concentrations
(A) Relationship of presynaptic cytosolic gluta-
mate concentration ([Glu]i) and amplitude of
EPSCs relative to that in 0.3mM [Glu]i. Left: a calyx
was first dialyzed with 0.3 mM glutamate solution,
and the mean EPSC amplitude was defined as
a control size. Subsequently, this pipette was
detached from the calyx and the next whole-cell
dialysis was made from the same calyx, with
a second pipette containing various concentra-
tions of glutamate (0.1–10 mM, test EPSCs), as
shown by schemes on the top. Right: the rela-
tionship between the magnitude of EPSC poten-
tiation (relative EPSC amplitude; test EPSC/
control EPSC) and [Glu]i. This curve was fitted by
the Hill equation (magnitude of potentiation [%] =
maximal potentiation [%]/[1 + (EC50 /[Glu]i)
n]).The
curve fit was constrained to control at 0.3 mM
[Glu]i (100%, open circle). (B) Recoveries of
EPSCs after UV pulse (1 s) uncagings of 2 mM
(open circles), 5 mM (gray circles), and 10 mM
(filled circles) MNI-glutamate. Before glutamate
uncaging, calyces were dialysed with 0.3 mM
glutamate as in (A). Right: the relationship between
the magnitude of recovery (relative EPSC ampli-
tude) and the time constant of the EPSC recovery
(t). (C) The t plotted against [Glu]i in the semi-
logarithmic plot (left) and in the Lineweaver-Burk
plot (right). Data in (A)–(C) derived from the calyx of
Held synapses of P13–P15 mice.
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Figure 3B). Thus, at P7–P9, the refilling time was significantly
slower than that after hearing (17.2 ± 1.0 s, n = 7 at P13–P15).
From P13–P15 to P20–P22, there was no further change in the
refilling speed (t = 13.5 ± 3.8 s, n = 4, at P20–P22, p = 0.13, Fig-
ure 3B). The increased speed of the vesicle refilling time fromP7–
P8 to P13–P15 may result from a developmental increase in the
copy number of VGLUTs on vesicles. Another possibility would
be that VGLUT1 transports glutamate faster than VGLUT2. How-
ever, at least in the reconstituted VGLUT expression system,
glutamate uptake by VGLUT2 is similar in kinetics to that by
VGLUT2 (Herzog et al., 2001; Juge et al., 2010). Thus, it is
more likely that developmental upregulation in the expression
of VGLUTs (Billups, 2005; Blaesse et al., 2005; De Gois et al.,
2005) accelerates the vesicle filling with glutamate from P7–P8
to P13–P15 at the calyx of Held.514 Neuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc.Previous experiments in isolated or re-
constructed vesicles indicate that the
magnitude of glutamate uptake exhibits
a biphasic dependence on Cl concen-
trations ([Cl]i), with less uptake both at
low (<1 mM) and high (100 mM) concen-
trations (Carlson et al., 1989; Wolosker
et al., 1996; Bellocchio et al., 2000). By
contrast, at the calyx of Held terminal,
varying presynaptic [Cl]i between 5 and
100 mM is reported to cause no effecton the mEPSC amplitude (Price and Trussell, 2006). In our assay
system, we asked whether [Cl]i might affect the rate or magni-
tude of glutamate uptake into vesicles. When [Cl]i was reduced
from 30 mM to submilimolar range, the refilling rate became
markedly slow (Figures 4A and 4B). Concomitantly, the magni-
tude of refilling assessed from the EPSC amplitude after
recovery was reduced (Figure 4C). By contrast, when [Cl]i was
increased to 110 mM, refilling rate was similar (p = 0.18), but
the refilling magnitude was significantly lowered compared to
that at 30 mM [Cl]i (p < 0.05, Figure 4C). The inhibitory effect of
low [Cl]i on the vesicle refilling rate and magnitude is con-
sistent with those reported in isolated or reconstructed vesicles
(Carlson et al., 1989; Wolosker et al., 1996; Bellocchio et al.,
2000), supporting the hypothesis of the allosteric activation of
VGLUT by chloride ions (Hartinger and Jahn, 1993; Juge et al.,
2010). The significant reduction in the refilling magnitude in
Figure 3. Vesicle Refilling Speed Depends upon Temperature and
Postnatal Age
(A) The effect of temperature on the vesicle refilling time, at calyces of Held of
P13–P15 mice. Time course of the EPSC recovery after MNI-glutamate
uncaging at physiological temperature (35C–37C) is shown. A dashed line
represents a curve fit to data at room temperature (25C–27C). The time
course, in which EPSCs recover after 10 mM MNI-glutamate uncaging, is
shown by normalizing the steady EPSC amplitude reached 1–2 min after
uncaging. Bar graphs compare the mean (±SEM) vesicle refilling time
constants deduced from the time course of EPSC recovery at room temper-
ature (n = 9) and at physiological temperature (n = 6). (B) Developmental
change in the vesicle refilling time from P7 to P22. Left: time course of the
EPSC recovery at calyces from P7–P9 (open circles, n = 5) and P20–P22 (filled
circles, n = 4) mice are shown. Right: bar graphs indicate vesicle refilling time
constants at different postnatal periods (mean ± SEM, n = 4–6 for each). At
P7–P9, EPSCs were evoked at 0.05 Hz to obtain full recovery (96%)
after glutamate uncaging. Data points and error bars in (A) and (B) indicate
means ± SEMs.
Figure 4. Vesicle Refilling Rate Depends upon Presynaptic Cl–
Concentrations
(A)Vesicle refilling time course in the presence of [Cl]i at 0.02–110 mM in the
presynaptic pipette. (B) Biphasic effect of cytosolic [Cl]i (abscissa) on the
vesicle refilling rate (1/t, left, ordinate). (C) Biphasic effect of cytosolic [Cl]i on
the magnitude of vesicle refilling represented by a recovery of the EPSC
amplitude (right, ordinate). Experiments were performed in P13–P15 mice,
with 10 mM MNI-glutamate. All data points and error bars represent means ±
SEMs derived from four to seven experiments.
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into vesicles requires transvesicular Cl concentration gradient
(Wolosker et al., 1996; Schenck et al., 2009). The difference
between the present results and those reported (Price and
Trussell, 2006) is that glutamate in vesicles is depleted in the
present study, whereas it is intact in the previous report. These
results suggest that presynaptic [Cl]i plays biphasic regulatory
roles in the process of glutamate refilling into vesicles via
VGLUTs.
DISCUSSION
In the present study, we have made an estimation for the rate of
transmitter refilling into synaptic vesicles at an intact mammalian
central synapse. Our estimation indicated that the maximal
vesicle refilling rate constant is 1/15 s1 in the presence of
[glu]i at 3–30 mM [Cl]i. Supposing that the number of glutamate
molecules in a vesicle is 2,000 (Ryan et al., 1993), 1,260 (63%)
glutamate molecules would be transported into a vesicle within
15 s after endocytosis. This gives the transport rate of 84 mole-
cules/s/vesicle. Assuming that the copy number of VGLUT on
a vesicle is 10 (Takamori et al., 2006), transport rate of a single
VGLUT molecule can be estimated as 8.4 molecules/s. Com-pared to previous estimates of 3H-glutamate uptake into isolated
or reconstructed vesicles (Maycox et al., 1988; Carlson et al.,
1989; Wolosker et al., 1996; Herzog et al., 2001; Gras et al.,
2002; Wilson et al., 2005), glutamate uptake into vesicles in
the nerve terminal is much faster. It is possible that VGLUT in
isolated or reconstructed vesicles may contain a lower number
of VGLUTs than intact vesicles in the nerve terminal. Lower
copy numbers of VGLUT may also underlie slower glutamate
refilling at immature synapses (Figure 3B), as VGLUT1 expres-
sion undergoes developmental upregulation at the calyx of
Held terminal (Blaesse et al., 2005; Billups, 2005). Slow vesicle
refilling at immature synapses will limit the efficient reuse of
vesicles, thereby limiting the frequency at which synaptic trans-
mission is maintained.
The glutamate refilling time constant estimated here (15 s) is
slower than that reported for vesicle acidification estimated
using synapto-pHluorin (0.5–5 s) (Gandhi and Stevens, 2003),
suggesting that intravesicular acidification precedes glutamate
uptake in vesicles after endocytosis. This refilling time constant
is faster than that of the recovery of EPSCs after depleting
releasable vesicles by high-frequency stimulation (40 s, Liu and
Tsien, 1995) and that of vesicles to become reavailable after
KCl perfusion (30 s, Ryan et al., 1993), suggesting that most vesi-
cles are fully refilled during recycling. In vesicle recycling steps,
fast and slow endocytosis ranging from subseconds to tens ofNeuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc. 515
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cytosis of subsecond- and second-order time constant includes
the kiss-and-run fusion pore flicker (Pyle et al., 2000; Aravanis
et al., 2003; Gandhi and Stevens, 2003; He et al., 2006) and
the activity-dependent rapid endocytosis (Wu et al., 2005). It
has been proposed that vesicle endocytosis is a rate-limiting
step for the vesicle pool replenishment (Gandhi and Stevens,
2003) and that fast endocytosis leads to a rapid reuse of vesicles,
thereby contributing to maintaining high-frequency transmis-
sion, particularly at presynaptic terminals having a small number
of vesicles (Harata et al., 2001). However, the vesicle refilling time
constant estimated in the present study does not support the
idea that fast recycling vesicles can be reused within seconds
to maintain synaptic efficacy. In this regard, the time for vesicle
reuse after subsecond kiss-and-run exo-endocytosis is reported
to be 23 s (Aravanis et al., 2003), which is long enough for
vesicles to be refilled with glutamate. Physiologically, fast
endocytosis may contribute to maintaining balance between
vesicular and terminal membranes, but its contribution to syn-
aptic transmission is limited by the rate of vesicle refilling with
neurotransmitter.
EXPERIMENTAL PROCEDURES
All experiments were performed in accordancewith the guidelines of the Phys-
iological Society of Japan.
Electrophysiological Recording
Transverse brainstem slices (150 mm thick) containing the medial nucleus of
the trapezoid body (MNTB) were prepared from P7–P22 C57BL6 mice. The
calyx of Held presynaptic terminals and postsynaptic principal cells were
visually identified in the MNTB region with a 603 water immersion objective
(Olympus) attached to an upright microscope (Axioskop, Carl Zeiss). Simulta-
neous pre- and postsynaptic whole-cell recordings weremade from a calyceal
nerve terminal and postsynaptic principal cell using an Axopatch 700A ampli-
fier (Axon Instruments) and a HEKA EPC-10 amplifier (HEKA Elektronik).
Throughout the experiments, presynaptic recordings were made in current-
clamp mode, unless otherwise noted, whereas postsynaptic recordings
were made under voltage clamp at the holding potential of –70mV. EPSCs
were evoked by afferent nerve stimulation using a bipolar platinum electrode
placed in the midline of a brainstem slice, in the presence of bicuculline
methiodide (10 mM) and strychnine hydrochloride (0.5 mM). For membrane
capacitance (Cm) measurements, calyceal terminals were voltage clamped
at the holding potential of 80mV and a sinusoidal voltage command with
a peak-to-peak voltage of 60mVwas applied at 1 kHz. Single pulse step depo-
larization (to 0mV, 10 ms) was used to evoke presynaptic Ca2+ currents and
EPSCs. Experiments were made at room temperature (25C–27C) or at phys-
iological temperature (35C–37C).
MNI-Glutamate Uncaging
Presynaptic pipette solutions containing MNI-caged-glutamate (10 mM, (S)-
a-amino2,3-dihydro-4-methoxy-7-nitro-d-oxo-1H-indole-1-pentanoic acid,
Tocris Cookson) were loaded into calyces through whole-cell pipettes. MNI-
glutamate was dissolved in the presynaptic pipette solution on the day of
the experiment. A UV light flash was applied from a mercury lamp light source
(100 mW) by opening a shutter (Uniblitz, Vincent Associate) for 1 s under the
control of a shutter driver (JML Optical Industries).
Statistical Analysis
Data were analyzed using IGOR Pro 6.2J (WaveMatrics) and MS Excel 2003
(Microsoft) softwares. All values are given as mean ± SEM, and p < 0.05 was
taken as a significant difference in Student’s paired or unpaired t test. In
figures, error bars indicate ± SEM.516 Neuron 76, 511–517, November 8, 2012 ª2012 Elsevier Inc.SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and Supplemental Experimental
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